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Insulin-like growth factor-binding protein (IGFBP)-3 is overex-
pressed frequently in esophageal squamous cell carcinoma. Yet,
the role of IGFBP3 in esophageal tumor biology remains to be
elucidated. We find that IGFBP3 facilitates transforming growth
factor (TGF)-b1-mediated epithelial-to-mesenchymal transition
(EMT) in transformed human esophageal epithelial cells,
EPC2–hTERT–EGFR–p53R175H. In organotypic 3D culture,
a form of human tissue engineering, laser-capture microdissection
revealed concurrent upregulation of TGF-b target genes, IGFBP3
and EMT-related genes in the cells invading into the stromal com-
partment. IGFBP3 enhanced TGF-b1-mediated EMT as well as
transcription factors essential in EMT by allowing persistent
SMAD2 and SMAD3 phosphorylation. TGF-b1-mediated EMT
and cell invasion were enhanced by ectopically expressed IGFBP3
and suppressed byRNA interference directed against IGFBP3.The
IGFBP3 knockdown effect was rescued by IGFBP3I56G/L80G/L81G,
a mutant IGFBP3 lacking an insulin-like growth factor (IGF)-
binding capacity. Thus, IGFBP3 can regulate TGF-b1-mediated
EMT and cell invasion in an IGF or insulin-like growth factor 1
receptor-independent manner. IGFBP3I56G/L80G/L81G also pro-
moted EMT in vivo in a Ras-transformed human esophageal cell
line T-TeRas upon xenograft transplantation in nude mice. In ag-
gregate, IGFBP3 may have a novel IGF-binding independent
biological function in regulation of TGF-b1-mediated EMT and
cell invasion.

Introduction

Esophageal squamous cell carcinoma (ESCC) is one of the most
aggressive squamous cell carcinomas due to locally advanced states
and distant metastasis at the time of presentation, compromising ther-
apy, resulting in poor prognosis (1). Common genetic changes asso-
ciated with ESCC and its precursor lesions include epidermal growth
factor receptor (EGFR) overexpression, tumor suppressor p53 muta-
tions (2–5) and telomerase (TERT) activation (6). The presence of p53

mutations is positively correlated with EGFR overexpression (7).
EGFR overexpression and p53 mutations contribute to malignant
transformation of human esophageal epithelial cells (8).

Insulin-like growth factor-binding protein (IGFBP)-3 is a major
regulator of insulin-like growth factor (IGF)-I or -II among six secre-
tory glycoproteins of the IGFBP family (9,10). While biological ac-
tivities of IGFBP3 are in part attributed to its ability to neutralize IGFs,
preventing insulin-like growth factor 1 receptor (IGF1R) activation,
IGF (or IGF1R)-independent IGFBP3 activities have also been docu-
mented in vitro and in vivo (9,10). Growth inhibitory or proapoptotic
effects of IGFBP3 have been described extensively. However, IGFBP3
may stimulate cell proliferation in a context-dependent manner (9,10).

IGFBP3 is overexpressed frequently in ESCC with concurrent
EGFR overexpression (11). While wild-type (WT) IGFBP3 induces
G1 cell-cycle arrest by preventing IGF-I from activating IGF1R in
non-transformed human esophageal cells, apoptosis is induced by
neither WT IGFBP3 nor IGFBP3I56G/L80G/L81G (GGG), a mutant
IGFBP3 with a greatly reduced affinity to IGFs (12). Thus, IGFBP3
overexpression alone is not sufficient to trigger apoptosis in culture
and that the IGF neutralization effect by IGFBP3 can be compensated
by medium components such as insulin that can stimulate IGF1R, but
cannot be neutralized by IGFBP3. Interestingly, WT IGFBP3 and
IGFBP3I56G/L80G/L81G display contrasting phenotypes in xenograft
transplantation models using T-TeRas, an oncogenic Ras-transformed
human esophageal cell line (13). While WT IGFBP3 prevented tumor
formation by inducing massive apoptosis, indicating the crucial role of
IGF1R signaling for tumor cell survival in vivo, IGFBP3I56G/L80G/L81G

stimulated tumor growth in nude mice (14). These observations
suggest that IGFBP3 may have an IGF/IGF1R-independent role in
esophageal tumor progression in response to factors in the tumor
microenvironment.

Epithelial-to-mesenchymal transition (EMT) occurs during cancer
cell invasion and metastasis (15–17). Transforming growth factor
(TGF)-b, a potent EMT inducer present in the tumor microenviron-
ment (18), regulates genes essential in cell–cell adhesion, cell polarity
and cell–extracellular matrix interactions through transcription factors
such as SNAI1, zinc finger E-box-binding proteins (ZEB) (ZEB1 and
ZEB2). In primary ESCC tumor tissues, EMT-related genes are upre-
gulated at the invasive front (19–23). Since TGF-b1 is expressed by
tumor as well as stromal cells in ESCC (24), it is conceivable that
TGF-b contributes to EMT in ESCC. We have demonstrated recently
that EGFR overexpression and p53 mutations lead to enrichment of
a subpopulation of human esophageal cells expressing ZEB1 and
ZEB2, which promotes EMT in response to TGF-b stimulation (25).
Although IGFBP3 has been implicated in TGF-b-mediated cell growth
stimulatory or inhibitory effects (9,10), its role in EMT is not known.

Herein, we investigated the role of IGFBP3 in esophageal tumor
biology to find its novel IGF/IGF1R-independent functions in modu-
lating TGF-b1-mediated EMT and cell motility.

Materials and methods

Cell lines and treatment

EPC2–hTERT–neo-puro, EPC2–hTERT–EGFR–p53R175H, T-TeRas and their
derivatives were grown as described previously (8,13,14,25). Cells were trea-
ted with 5 ng/ml of recombinant human TGF-b1 (R&D Systems, Minneapolis,
MN) reconstituted in 4 mM HCl containing 0.1% bovine serum albumin.
Recombinant human insulin-like growth factor-binding protein-3 (rhIGFBP3)
(Upstate Biotechnology) was reconstituted in 10 mM acetic acid and used at
the final concentration of 1 lg/ml. Phase contrast images were acquired using
a Nikon Eclipse TS100 microscope. Spindle-shaped cells were scored by
counting at least 100 cells per high-power field (n 5 6) under light microscopy
as described previously (25).

Abbreviations: EGFR, epidermal growth factor receptor; EMT, epithelial-
to-mesenchymal transition; ESCC, esophageal squamous cell carcinoma;
FSP1, fibroblast-specific protein 1; IGF, insulin-like growth factor; IGFBP,
insulin-like growth factor-binding protein; IGF1R, insulin-like growth factor
1 receptor; LCM, laser-capture microdissection; mRNA, messenger RNA; CK,
pancytokeratin; rhIGFBP3, recombinant human insulin-like growth factor-
binding protein-3; RNAi, RNA interference; shRNA, short hairpin RNA;
T-Ag, T-antigen; TGF, transforming growth factor; WT, wild-type; ZEB, zinc
finger E-box-binding proteins.
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Retrovirus and lentivirus-mediated gene transfer

Replication-incompetent retroviruses expressing WT and GGG-mutant
IGFBP3 were produced with pBABE-bla vector and infected as described
previously (8,12,14). Lentiviral pGIPZ vectors carrying short hairpin RNA
(shRNA) directed against human IGFBP3 (V2LHS_111628 and 225584) and
a non-silencing scramble control sequence (RHS4346) along with green fluo-
rescent protein (Open Biosystems, Huntsville, AL) were used as described
previously (25). Drug selection was done for 7 days with 5 lg/ml of Blasticidin
S (Invitrogen, Carlsbad, CA) to establish stable cell lines expressing WT and
GGG-IGFBP3. Cells transduced with shRNAs were selected by flow sorting
for the GFP brightest cells (top 20%).

Organotypic 3D culture

Stratified squamous epithelia were reconstituted in organotypic 3D culture
as described previously (8). In brief, 0.5� 106 of EPC2–hTERT–EGFR–p53R175H

and its derivatives were seeded on top of the collagen/Matrigel matrices con-
taining FEF3 human fetal esophageal fibroblasts and grown in submerged
conditions for 4 days. Cultures were then raised to the air–liquid interface
for additional 4 days and harvested for hematoxylin and eosin staining or
immunofluorescence as well as laser-capture microdissection (LCM). Each
organotypic culture experiment was performed in triplicate. Representative
images were obtained and quantified by using Adobe Photoshop CS4 extended
(Adobe Systems, San Jose, CA).

Laser-capture microdissection

Frozen sections (8 lm) of organotypic cultures were fixed immediately with
75% ethanol, stained with hematoxylin and dehydrated. LCM was done using
a Nikon Eclipse TE 2000-5 ultraviolet laser microscope (Molecular Machines
and Industries, Glattbrugg, Switzerland). Captured cells were lysed in 50 ll of
RNA extraction buffer (Arcturus, Mountain View, CA).

Migration and invasion assays

Cell migration and invasion assays were done using Boyden chambers with the
BD FalconTM FluoroBlokTM 24-Multiwell Insert System (BD Biosciences,
Bedford, MA) as described previously (8). In brief, 3 � 104 cells were sus-
pended in Keratinocyte Basal Medium devoid of growth factors (Lonza, Basel,
Switzerland) and placed in each insert coated with (for invasion) or without (for
migration) Matrigel matrix. Cells were allowed to move toward keratinocyte-
serum free medium (Invitrogen) supplemented with 5 lg/ml insulin, 1 ng/ml
epidermal growth factor and 40 lg/ml bovine pituitary extract filled in the
bottom well for 24 h and labeled with 4 lg/ml Calcein AM dye (Invitrogen)
for 1 h prior to detection of the fluorescence excited at 485 nm and emitted
at 528 nm. All experiments were performed at least three times in triplicate.

Luciferase assays

Transient transfection was carried out using the LipofectamineTM LTX and
Plus reagents (Invitrogen) according to the manufacturer’s instructions. Briefly,
2 � 105 cells were seeded per well in 24-well plates 24 h before transfection.
Four hundred nanograms of 3TP-Lux (26) (gift of Dr Rebecca G. Wells) was
transfected along with 10 ng of pRL-SV40 Vector (Promega, Madison, WI) to
calibrate the variation of transfection efficiencies among wells. Cells were
incubated for 48 h before cell lysis. Luciferase activities were determined using
the Dual-Luciferase Reporter Assay system (Promega) and the ORION Micro-
plate Luminometer (Berthold Detection Systems USA, Oak Ridge, TN). The
mean of firefly luciferase activity was normalized with the co-transfected
renilla luciferase activity. Transfection was carried out at least three times.

Xenograft transplantation experiments

Xenograft transplantation experiments were performed as described previously
(14). Briefly, 3 � 106 cells of the T-TeRas cell derivatives were suspended in
50% Matrigel and implanted subcutaneously in quadruplicate fashion into the
dorsal skin of athymic nu/nu mice (4–6 weeks old) (Charles River Laboratories
International, Wilmington, MA). Mice were killed to analyze the tumors mor-
phologically and biochemically. A part of a tumor was used for RNA extraction
and the other part of the tumor was fixed in 4% paraformaldehyde and em-
bedded in paraffin.

RNA isolation, complementary DNA synthesis and real-time reverse
transcription–polymerase chain reaction

Total RNA from LCM was purified with the Arcturus PicoPure RNA isolation
kit (Arcturus), determined by Agilent 2100 Bioanalyzer (Agilent Tech-
nologies, Santa Clara, CA), and further subjected to linear amplification and
complementary DNA synthesis using the WT-OvationTM RNA amplification
system (NuGEN Technologies, San Carlos CA). RNA was extracted from
monolayer cultures and snap-frozen tissues to synthesize complementary
DNA as described previously (11). Each complementary DNA was amplified
in triplicate using the Taqman� Universal polymerase chain reaction Master

Mix or Power SYBR� Green polymerase chain reaction Master Mix (Applied
Biosystems, Foster City, CA) with the TaqMan� Gene Expression Assays
(Applied Biosystems) or primers listed in supplementary Table 1 (available
at Carcinogenesis Online) and detected in the ABI PRISM� 7000 Sequence
Detection System (Applied Biosystems). Relative gene expression was deter-
mined based upon corresponding threshold cycle values and normalized to
b-actin as an internal control as described previously (11).

Western blot analysis

Cells were lysed with 1� Cell Lysis Buffer (Cell Signaling, Danvers, MA)
supplemented with 2 mM phenylmethylsulfonyl fluoride and Complete Mini
ethylenediaminetetraacetic acid-free (Roche, Basel, Switzerland). Twenty
micrograms of denatured protein was fractionated on a NuPAGE Bis–Tris
4–12% gel (Invitrogen). Following electrotransfer, Immobilon-P membranes
(Millipore, Billerica, MA) were incubated with primary antibodies listed in
supplementary Table 2 (available at Carcinogenesis Online) and then with
the appropriate horseradish peroxidase-conjugated secondary antibody (GE
Healthcare, Piscataway, NJ). b-Actin served as loading controls. Western blots
were analyzed by densitometry using the Scion Images software (Scion,
Frederick, MD).

Immunofluorescence

Deparaffinized sections were blocked with 1% bovine serum albumin for
30 min. Slides were incubated with mouse anti-pancytokeratin (CK)
(1:3000; Sigma, St Louis, MO), anti-fibroblast-specific protein 1 (FSP1)
(1:1500; DAKO Cytomation, Glostrup, Denmark), anti-SV40 T-antigen
(T-Ag) (1:1500; Santa Cruz Biotechnology, Santa Cruz, CA) or anti-
E-cadherin (1:200; BD Biosciences, San Jose, CA) overnight at 4�C and then
with an appropriate Cy2- or Cy3-conjugated secondary antibody (1:400;
Jackson ImmunoResearch, West Grove, PA) for 30 min at room temperature.
Nuclei were counterstained by 4#,6-diamidino-2-phenylindole (1:10 000;
Invitrogen). Stained objects were examined with a Nikon Microphot micro-
scope and imaged with a digital camera.

Statistical analyses

Data from triplicate and hexaduplicate experiments in real-time reverse
transcription–polymerase chain reaction, Boyden chamber assays, luciferase
assays, densitometry and scoring of spindle-shaped cells in photomicrographs
were presented as mean ± SE and were analyzed by two-tailed Student’s t-test.
P ,0.05 was considered significant.

Results

IGFBP3 is induced as a TGF-b-signaling modulator during invasive
growth of EMT-competent-transformed human esophageal cells

EGFR oncogene and mutant p53 co-operate to enrich a unique subset of
transformed human esophageal epithelial cells designated EPC2–
hTERT–EGFR–p53R175H, which are highly capable of undergoing
EMT in response to TGF-b stimulation (25). As observed in a variety
of cell types (27–30), TGF-b induced IGFBP3 in EPC2–hTERT–
EGFR–p53R175H cells as a function of time (Figure 1A and B). Inter-
estingly, IGFBP3 was induced only transiently in immortalized, yet
non-transformed human esophageal cells EPC2–hTERT–neo-puro
(Figure 1B), which underwent EMT only minimally (,10%) upon
TGF-b treatment (25). IGFBP3 modulates TGF-b signaling (31,32).
TGF-b receptor activation, indicated by SMAD2 and SMAD3 phos-
phorylation persisted in EPC2–hTERT–EGFR–p53R175H, but not con-
trol cells (Figure 1C). Interestingly, phosphorylation of both SMAD2
and SMAD3 was sustained longer in EPC2–hTERT–EGFR–p53R175H

cells than control cells (Figure 1C). Moreover, rhIGFBP3 prolonged
TGF-b-induced SMAD2/3, but not p38 phosphorylation (supplementary
Figure 1 is available at Carcinogenesis Online), raising the possibility
that IGFBP3 may contribute to EMT by enhancing TGF-b signaling.

EPC2–hTERT–EGFR–p53R175H, but not control cells, exhibited
invasive growth in organotypic 3D culture, a form of human tissue
engineering (supplementary Figure 2A is available at Carcinogenesis
Online) as described previously (8). We suspected that IGFBP3 may
be involved in tumor cell invasion through regulation of TGF-b sig-
naling. LCM and real-time reverse transcription–polymerase chain
reaction revealed upregulation of Plasminogen activator inhibitor
type 1, a TGF-b target gene, IGFBP3, EMT markers and transcription
factors essential in EMT such as SNAI1, ZEB1 and ZEB2 in EPC2–
hTERT–EGFR–p53R175H cells invading into the stromal compartment
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(Figure 1D and supplementary Figure 2B, available at Carcinogenesis
Online). Although E-cadherin (CDH1) messenger RNA (mRNA) was
not downregulated at the mRNA level (Figure 1D), E-cadherin protein
was mislocalized from the cell membrane to the cytoplasm in the in-
vasive cells (supplementary Figure 2C, available at Carcinogenesis
Online), indicating that an E-cadherin protein recycling/degradation
may occur prior to transcriptional repression at the onset of EMT as
described previously (33). These observations prompted us to hypoth-
esize that IGFBP3 may have a unique role in the TGF-b-mediated EMT
program, allowing invasive growth of EPC2–hTERT–EGFR–p53R175H

cells.

To address the roles of IGFBP3 in TGF-b-mediated EMT and
invasive growth of EPC2–hTERT–EGFR–p53R175H cells, we con-
ducted RNA interference (RNAi) experiments. Stable expression of
two independent shRNA sequences directed against IGFBP3 pre-
vented TGF-b from inducing IGFBP3 (Figure 2A). IGFBP3 knock-
down did not affect acutely induced SMAD2 phosphorylation within the
first 24–48 h during TGF-b stimulation (Figure 2B). After a long-term
TGF-b stimulation for 14 days, however, IGFBP3 knockdown reduced
the relative SMAD2 phosphorylation by 30–50% (Figure 2C). Interest-
ingly, IGFBP3 knockdown suppressed SMAD3 phosphorylation within
48 h after TGF-b stimulation (Figure 2B). SMAD3 phosphorylation was

Fig. 1. TGF-b induction of IGFBP3 in EMT-competent-transformed human esophageal cells is associated with induction of EMT-related genes in the engineered
tissue microenvironment in organotypic 3D culture. Cells were stimulated with TGF-b1 for indicated time periods (A–C). (A) IGFBP3 mRNA (upper panel)
and protein (lower panel) were determined in EPC2–hTERT–EGFR–p53R175H cells by real-time reverse transcription–polymerase chain reaction and western
blotting, respectively. In the upper panel, cells untreated with TGF-b1 served as a control. ��P , 0.001 and �P , 0.05 versus TGF-b1 (�) at indicated time point
(n 5 3). (B) IGFBP3 mRNA levels were determined by real-time reverse transcription–polymerase chain reaction in either EMT-competent (EGFR-p53R175H) or
EMT-incompetent (neo-puro) EPC2–hTERT cell derivative at indicated time point. ��P , 0.001 and �P , 0.01 versus neo-puro (n 5 3). (C) SMAD2/3
phosphorylation was determined in (B). pSmad2, phospho-Smad2 (Ser465/467) and pSmad3, phospho-Smad3 (Ser423/425). Diagrams (right panel) represent
densitometry of the western blot (left panel). �P , 0.01 versus neo-puro; ns, not significant versus neo-puro (n 5 3). (D) Relative mRNA for IGFBP3, TGF-b target
and EMT-related genes was determined by real-time reverse transcription–polymerase chain reaction in the invasive EPC2–hTERT–EGFR–p53R175H cells
comparing with the non-invasive EPC2–hTERT–EGFR–p53R175H cells isolated by LCM as shown in supplementary Figure 2B, available at Carcinogenesis
Online. ��P , 0.001; �P , 0.01; ns, not significant versus non-invasive (n 5 3).
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barely detectable after a long-term TGF-b stimulation (Figure 2C).
Moreover, total SMAD3 protein level was downregulated upon TGF-
b stimulation and that was antagonized partially by IGFBP3 knockdown
(Figure 2C and supplementary Figure 3, available at Carcinogenesis
Online). Similar trend was observed for total SMAD2, but to a lesser
extent (Figure 2C and supplementary Figure 3, available at Carcinogen-
esis Online). Such observations may be accounted for by the reduced
SMAD activities upon IGFBP3 knockdown since TGF-b signaling is
terminated by proteasomal degradation for SMAD proteins (34).

IGFBP3 knockdown effects were observed in the TGF-b-mediated
transcriptional activity (Figure 2D) as well as plasminogen activator
inhibitor type 1 mRNA induction (Figure 2E). Although IGFBP3

silencing appeared to prevent TGF-b reporter activation only to a lim-
ited extent, such an inhibitory effect of IGFBP3 shRNA was antago-
nized by recombinant IGFBP3 protein added into culture medium
(Figure 2D), implying an IGFBP3-mediated effect upon TGF-b signal-
ing. Thus, IGFBP3 appeared to modulate TGF-b signaling, if not to
a full extent, in EPC2–hTERT–EGFR–p53R175H cells.

IGFBP3 promotes EMT and invasive growth of transformed human
esophageal cells in an IGF-independent fashion

TGF-b induced SNAI1, ZEB1 and ZEB2 in EPC2–hTERT–EGFR–
p53R175H cells, where a characteristic spindle-shaped cell morphology
emerged, displaying loss of E-cadherin and gain of mesenchymal

Fig. 2. IGFBP3 knockdown suppresses TGF-b signaling in EPC2–hTERT–EGFR–p53R175H cells. Cells were transduced stably with shRNA directed against
IGFBP3 (BP3-1 and BP3-2) or a scrambled control shRNA (Cont). Cells were stimulated with TGF-b1 for 14 days in (A) (right panel), (C) and (E) and for 48 h in
(D), unless indicated otherwise. pSmad2, phospho-Smad2 and pSmad3, phospho-Smad3 in (B) and (C). (A) IGFBP3 mRNA (left) and protein (right) were
determined by real-time reverse transcription–polymerase chain reaction upon IGFBP3 knockdown. ��P , 0.01; �P , 0.05 versus Cont (n 5 3). (B) SMAD2/3
phosphorylation in (A) was determined by western blotting. The relative phosphorylation levels for SMAD2 and SMAD3 (lower panel) represent densitometry of
the western blots. �P , 0.01 versus Cont; ns, not significant versus Cont (n 5 3). (C) Western blotting was done with or without TGF-b1 stimulation for 14 days to
determine the long-term impact of IGFBP3 silencing upon SMAD2/3 expression and phosphorylation. Histograms represent the relative phosphorylation levels for
SMAD2/3 (lower left panel) and total SMAD2/3 contents (lower right panel) determined by densitometry of the western blots. �P , 0.01 versus Cont with TGF-b1
(þ) (n 5 3). (D) TGF-b reporter activity was determined by luciferase assays with 3TP-Lux. Indicated reagents were added 5 h after transfection. rhBP3,
rhIGFBP3; �P , 0.05 versus TGF-b1 (þ) and rhBP3 (�) in Cont; #P , 0.05 versus TGF-b1 (þ) and rhBP3 (�) in BP3-2 (n 5 6). (E) plasminogen activator
inhibitor type 1 mRNA was determined by real-time reverse transcription–polymerase chain reaction. �P , 0.01 versus TGF-b1 (þ) in Cont (n 5 3).
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markers such as N-cadherin and vimentin (25). IGFBP3 knockdown
delayed significantly TGF-b induction of SAI1, ZEB1 and ZEB2
(Figure 3A) as well as spindle-shaped cells (Figure 3B). Moreover,
a class switch from E-cadherin-to-N-cadherin was suppressed par-
tially in the IGFBP3 knockdown cells (Figure 3C and D). These
findings indicate that IGFBP3 may promote EMT by stimulating
TGF-b induction of the transcription factors essential in EMT.

EGFR overexpression and p53 mutations confer co-operatively in-
vasive characteristics to EPC2–hTERT cells as determined by the
conventional Boyden chamber assays as well as organotypic 3D cul-
ture (8). Since EMT increases cellular motility, we first examined the
effect of IGFBP3 knockdown upon cell migration and invasion by the
Boyden chamber assays. Although a small subset of EPC2–hTERT–
EGFR–p53R175H cells undergo EMT spontaneously, the vast majority
of them does not without TGF-b stimulation (25). In agreement,
RNAi affected neither migration nor invasion in the cells untreated
with TGF-b (Figure 4A). TGF-b stimulated cell migration (�2-fold)
and invasion (�1.3-fold) in scrambled shRNA-transduced control
cells (Figure 4A) compared with those without TGF-b treatment.
IGFBP3 knockdown reduced the TGF-b-stimulated cell migration

by 30% (Figure 4A, left panel). In addition, TGF-b-mediated
enhancement of invasion was cancelled upon IGFBP3 knockdown
(Figure 4A, right panel). Moreover, IGFBP3 knockdown impaired
invasion of EPC2–hTERT–EGFR–p53R175H cells in organotypic 3D
culture (Figure 4B). These observations suggest that IGFBP3 may
stimulate motility of transformed human esophageal cells by enhancing
TGF-b-mediated EMT.

In organotypic 3D culture, not every single basal keratinocyte in-
vades into the stromal compartment (supplementary Figure 2, avail-
able at Carcinogenesis Online and Figure 4B), implying cellular
heterogeneity in the invasive capability. IGFBP3 does not have either
antiproliferative or growth stimulatory effect in non-transformed and
transformed human esophageal cells in culture (12,14). However,
there is the possibility that RNAi directed against IGFBP3 has elim-
inated a subset of invasive cells that depend upon IGFBP3 for sur-
vival, resulting in reduced tumor cell invasion (Figure 4A and B). We
addressed this possibility by restoring IGFBP3 expression in EPC2–
hTERT–EGFR–p53R175H cells expressing an shRNA sequence target-
ing endogenous IGFBP3 mRNA at the 3# untranslated region. Such
shRNA does not affect ectopically expressed IGFBP3 transduced by

Fig. 3. IGFBP3 knockdown delays TGF-b-mediated EMT in EPC2–hTERT–EGFR–p53R175H cells. Cells expressing shRNA directed against IGFBP3 (BP3-1 and
BP3-2) or a scrambled control shRNA (Cont) were stimulated with TGF-b1 for 14 days in (A), (B, left panel), (C) and (D), unless indicated otherwise. (A) mRNA
for SNAI1, ZEB1 and ZEB2 was determined by real-time reverse transcription–polymerase chain reaction. �P , 0.01 versus Cont plus TGF-b1 (þ) (n 5 3). (B)
Phase contrast photomicrograph was taken (left). Arrows indicate spindle-shaped cells suggesting EMT as described previously (25); magnification, �200.
Spindle-shaped cells were scored at the indicated time points (right). �P , 0.05 versus Cont (n 5 6). (C) mRNA for E-cadherin (CDH1) and N-cadherin (CDH2)
was determined by real-time reverse transcription–polymerase chain reaction. #P , 0.01 TGF-b1 (�); ns, not significant versus TGF-b1 (�); �P , 0.01 TGF-b1
(þ) (n 5 3). (D) E-cadherin (E-cad.) and N-cadherin (N-cad.) proteins were determined by western blotting.
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retrovirus carrying its open reading frame only. Cells were stably
transduced with either WT or GGG-IGFBP3. GGG-mutant IGFBP3
is used to interrogate the IGF (or IGF1R)-independent biological
activities of IGFBP3 (12). While endogenous IGFBP3 was silenced,
we detected ectopic IGFBP3 at the mRNA and protein levels (supple-
mentary Figure 4, available at Carcinogenesis Online, and Figure 4C).
In organotypic 3D culture, both WTand GGG-mutant IGFBP3 restored
the invasiveness of EPC2–hTERT–EGFR–p53R175H cells (Figure 4D),
indicating a direct regulation of tumor cell invasiveness by IGFBP3 in
3D culture.

We next assessed how IGFBP3 overexpression may impact upon
TGF-b-mediated EMT and invasive growth of EPC2–hTERT–EGFR–
p53R175H cells. Ectopically expressed IGFBP3 boosted TGF-b-
stimulated SMAD2/3 phosphorylation modestly (i.e. a 10% increase
by densitometry) (data not shown). Moreover, both WT and GGG-
mutant IGFBP3 accelerated TGF-b induction of plasminogen activator
inhibitor type 1 as well as SANI1, ZEB1 and ZEB2 (Figure 5A) and
spindle-cell shape morphology (Figure 5B), accompanied by cadherin
class switch and vimentin induction (Figure 5C and D) within 7 days
after TGF-b1 stimulation. Thus, ectopically expressed IGFBP3

Fig. 4. IGFBP3 knockdown impaired EMT program to prevent cellular motility. EPC2–hTERT–EGFR–p53R175H cells expressing shRNA directed against
IGFBP3 (BP3-1 and BP3-2) or a scrambled control shRNA (Cont) were subjected to Boyden chamber assays (A) or organotypic 3D culture (B and D). (A) Cells
were stimulated with or without TGF-b1 for 14 days prior to the Boyden chamber assays. �P , 0.01 versus Cont plus TGF-b1 (þ) (n 5 3). (B) Cells were grown in
organotypic 3D culture in the absence of exogenous TGF-b. Hematoxylin and eosin staining visualized the reconstituted stratified squamous epithelia and cells
displaying downward invasive growth into the stromal compartment. The invasive area, indicated by arrows, was measured and represented as a histogram;
magnification, �200. �P , 0.01 versus Cont (n 5 3). (C) Western blotting validates that IGFBP3 expression was restored by ectopic WT or GGG-mutant IGFBP3
in the cells expressing IGFBP3 shRNA. Note that empty vector (Bla) failed to antagonize the IGFBP3 shRNA effect. (D) Cells in (C) were grown in organotypic
3D culture and analyzed as in (B); magnification, �200. �P , 0.01 versus Cont plus Bla; #P , 0.01 versus BP3-2 plus Bla (n 5 3).
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facilitated TGF-b1-mediated EMT initially. However, such an effect
became less overt by 14 days after TGF-b stimulation (data not
shown) as endogenous IGFBP3 was induced robustly as a function
of time (Figure 1B and data not shown). In organotypic 3D culture,
both WT and GGG-mutant IGFBP3 enhanced invasion of EPC2–
hTERT–EGFR–p53R175H cells (supplementary Figure 5, available at
Carcinogenesis Online). These data suggest that IGFBP3 may pro-
mote TGF-b1-mediated EMT and invasion in an IGF (or IGF1R)-
independent manner.

IGFBP3 promotes EMT in vivo in Ras-transformed esophageal cell
tumors

Exploring the biological activities of IGFBP3 in vivo, we used
T-TeRas cells in a xenograft transplantation model in athymic nude mice
since we have investigated previously the functional consequence of
IGFBP3 overexpression in T-TeRas cells in vitro and in vivo (14). WT
IGFBP3 prevented tumor formation by triggering a massive apoptosis,
indicating an IGF (or IGF1R)-dependent growth inhibitory effect of

IGFBP3. In contrast, an empty vector (Bla) allowed tumor formation,
overcoming modest apoptosis elicited by endogenous IGFBP3. Inter-
estingly, GGG-IGFBP3 did not induce apoptosis, and instead stimu-
lated tumor growth, implying IGF-independent biological activities
(14). GGG-IGFBP3-expressing tumors appeared to consist of both
spindle-shaped tumor cells and epithelioid cells (supplementary
Figure 6, available at Carcinogenesis Online), prompting us to
hypothesize that IGFBP3 may have a role promoting EMT in vivo.

We performed immunofluorescence to further characterize the xen-
ografted T-TeRas cell derivatives. FSP1 and CK were used as mesen-
chymal and epithelial markers, respectively. Injected tumor cells were
confirmed by SV40 T-Ag, whereas mouse-derived stromal cells were
double negative for T-Ag and CK (Figure 6A). In empty vector (Bla)
control tumors, most of the cells were found to be T-Ag positive and
CK bright, but negative for FSP1, corroborating their epithelial
nature (Figure 6A). Consistent with hematoxylin and eosin staining
results (supplementary Figure 6, available at Carcinogenesis Online),
GGG-IGFBP3-expressing tumors were represented predominantly
by T-Ag positive, FSP1 positive and CK dim spindle-shaped cells

Fig. 5. IGFBP3 overexpression stimulates TGF-b signaling to promote EMT and cell invasion. EPC2–hTERT–EGFR–p53R175H cells were stably transduced with
WT or GGG-mutant IGFBP3 or an empty control vector (Bla). Cells were stimulated with or without TGF-b1 for 7 days in (A–D). (A) mRNA for indicated genes
was determined by real-time reverse transcription–polymerase chain reaction. �P , 0.01 versus Bla plus TGF-b1 (þ) (n 5 3). (B) Phase contrast photomicrograph
was taken. Arrows indicate spindle-shaped cells suggesting EMT; magnification, �200. Spindle-shaped cells were scored. �P , 0.01 versus Bla (n 5 6).
(C) mRNAs for CDH1 and CDH2 was determined by real-time reverse transcription–polymerase chain reaction. ns, not significant versus Bla plus TGF-b1 (�);
�P , 0.05 versus Bla plus TGF-b1 (�); ��P , 0.01 versus Bla plus TGF-b1 (þ) (n 5 3). (D) Western blotting determines IGFBP3 and EMT marker proteins.
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(60–70%) among all T-Ag-positive cells (Figure 6A). Moreover,
GGG-IGFBP3-expressing T-TeRas tumors displayed downregulation
of E-cadherin and upregulation of N-cadherin as well as SNAI1, ZEB1
and ZEB2 (Figure 6B). These results indicate that IGFBP3 may have
an IGF-independent EMT-promoting effect upon Ras-transformed
human esophageal cells in vivo.

Collectively, our data indicate that IGFBP3 may have novel IGF-
binding-independent biological functions to facilitate EMT and cell
motility through modulation of TGF-b signaling in transformed
human esophageal cells.

Discussion

This study reveals a novel unique modulatory role of IGFBP3 in TGF-
b-mediated EMT and cell invasion in transformed human esophageal
cells. IGFBP3 was induced by TGF-b, which was associated with
persistent activation of SMAD2/3 in EMT-competent EPC2–hTERT–
EGFR–p53R175H cells during TGF-b stimulation (Figure 1A–C).
IGFBP3 was found also to be upregulated in the invasive cells
expressing EMT-regulated genes and TGF-b target genes in reconsti-
tuted human esophageal tissues (Figure 1D). RNAi experiments docu-
mented modulation of TGF-b signaling by IGFBP3 (Figure 2), where

IGFBP3 appeared to be essential in induction of transcription factors
SNAI1, ZEB1 and ZEB2 and delayed EMT significantly (Figure 3).
Moreover, lack of IGFBP3 induction impaired cell motility (Figure 4).
In contrast, ectopically expressed IGFBP3 stimulated TGF-b target
genes, facilitating TGF-b1-mediated EMT and invasion in organo-
typic 3D culture (Figure 5 and supplementary Figure 5, available at
Carcinogenesis Online). Importantly, GGG-mutant IGFBP3 restored
the IGFBP3 knockdown effects (Figure 4) as well as enhanced TGF-b
signaling and its downstream events (Figure 5), implying
IGF-independent biological activities of IGFBP3. Finally, such
IGF-independent effects were observed in xenografted tumors of
T-TeRas cells (Figure 6), providing an in vivo context.

IGFBP3 is often silenced epigenetically in many tumor types (10).
In Ewing sarcoma, the EWS/FLI-1 fusion gene targets IGFBP3 for
transcriptional repression (35). Thus, inactivation of the proapoptotic
and antiproliferative functions of IGFBP3 is important in cancer
biology. Nonetheless, IGFBP3 is overexpressed frequently in esoph-
ageal cancers (11,36). In addition to TGF-b, as implied in this study,
the hypoxic tumor microenvironment is thought to play an essential
role in IGFBP3 induction (13,14,36). T-TeRas tumors grow by over-
coming the proapoptotic effects of endogenously induced IGFBP3,
implicating possible adaptation to the microenvironment (14).

Fig. 6. IGFBP3 overexpression promotes EMT in xenografted esophageal tumors. T-TeRas tumors stably expressing GGG-mutant IGFBP3 or an empty control
vector (Bla) were harvested at 3 weeks after subcutaneous injection into nude mice. Cells expressing WT IGFBP3, failing to form tumors due to massive
apoptosis as described previously (14), was excluded from the analysis. (A) Tumor tissues were stained by immunofluorescence for CK (green) along with either
T-Ag (red) or FSP1 (red). Note that the tumor tissues contain CK bright [demarcated area was enlarged in (a) and (c)] and CK dim or negative cells [arrow heads
and enlarged in (b) and (d)]. Nuclear T-Ag was detected in both CK bright and dim or negative cells, but not in host-derived stromal cells stained blue only by
4#,6-diamidino-2-phenylindole. (B) mRNA for indicated genes was determined by real-time reverse transcription–polymerase chain reaction in the tumors.
�P , 0.01 versus Bla (n 5 3).
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Moreover, IGFBP3 has an IGF-independent growth stimulatory effect
in T-TeRas tumors (14). Thus, IGFBP3 may display differential bi-
ological functions in the early and late stages of carcinogenesis
(37,38). IGFBP3 has dichotomous effects in cell proliferation in
T47D breast cancer cells, where cell proliferation was suppressed
initially by IGFBP3, yet became refractory to its growth inhibition
in culture, resulting in tumor formation in nude mice with enhanced
EGFR signaling (39,40). However, little is known about the role of
IGFBP3 in EMT and cell motility.

EMT as a functional target for IGFBP3 through regulation of
TGF-b signaling is a novel finding based upon our studies.
IGFBP3 stimulates TGF-b receptors directly in certain cell types
(31,32). TGF-b is expressed by EPC2–hTERT–EGFR–p53R175H

cells as enzyme-linked immunosorbent assay detected a low level
(100–200 pg/ml) of TGF-b1 in the culture supernatant (data not
shown). However, rhIGFBP3 alone failed to enhance TGF-b re-
ceptor signaling in EPC2–hTERT–EGFR–p53R175H cells (supple-
mentary Figure 1, available at Carcinogenesis Online), whereas
rhIGFBP3 or ectopically expressed IGFBP3-prolonged SMAD2/3
phosphorylation upon TGF-b stimulation (supplementary Figure 1,
available at Carcinogenesis Online and data not shown). Moreover,
ectopically expressed IGFBP3 did not stimulate EMT without
simultaneous TGF-b treatment (Figure 5). The impact of RNAi
upon SMAD2/3 phosphorylation and the TGF-b reporter activity
was partial despite 80–90% IGFBP3 silencing efficiency (Figure 2).
These observations suggest that IGFBP3 may not necessarily be
indispensible in TGF-b signaling but serve as an essential modifier
in esophageal cancer cells.

IGFBP3 shows an inhibitory effect upon cell motility in prostate
and ovarian carcinoma as well as Ewing sarcoma cells, where
IGFBP3 also inhibits cell proliferation (41–43). In Hs578T breast
cancer cells, however, IGFBP3 exerts promigratory functions in an
IGF-independent fashion (44). IGFBP3 appears to play an essential
role in cutaneous melanoma cell motility and proliferation promoting
metastasis (45). IGFBP3 also mediates endothelial progenitor cell
migration during capillary tube formation in angiogenesis (46). Thus,
IGFBP3 can stimulate cell motility in several cell types other than
transformed human esophageal cells. Our data indicate also that
IGFBP3 requires factors (e.g. TGF-b) in the tumor microenvironment
to exert its biological activity stimulating cell motility as implicated in
organotypic 3D culture, where TGF-b target genes were induced
along with IGFBP3 in invasive EPC2–hTERT–EGFR–p53R175H cells
(Figure 1D). In fact, IGFBP3 silencing alone did not affect cell
invasion, whereas TGF-b-mediated effect was impaired in Boyden
chamber assays (Figure 4A). IGFBP3 interacts physically with nu-
merous extracellular matrix components including type I a-collagen,
fibronectin, vitronectin and latent TGF-b-binding protein-1, all
pertinent to cellular motility (9,47–50), suggesting that molecular
interactions between IGFBP3 and these factors may influence
TGF-b signaling. For example, fibronectin regulates TGF-b via latent
TGF-b-binding protein-1 interactions (51).

In conclusion, our unique model systems demonstrate that IGFBP3
plays a critical role in esophageal tumor progression by facilitating EMT
and invasive growth of transformed human esophageal cells in concert
with the TGF-b pathway in the context of the tumor microenvironment.

Supplementary material

Supplementary Tables 1 and 2 and Figures 1–6 can be found at http:
//carcin.oxfordjournals.org/
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